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Conformational changes of human plasma apolipoprotein B100 (apoB) during oxidative modification of low-density lipoproteins (LDL) have
been investigated. Emphasis has been put on the early stages of LDL oxidation and the modification of apoB. We have applied two different
modes of LDL oxidation initiation in order to approach the problem from different perspectives. To study conformational changes of the protein
and the phospholipids surface monolayer, we have applied attenuated total reflection infrared as well as fluorescence spectroscopy. We have found
for the first time that conformational changes of apoB occur even in the earliest stages of oxidation process and that those are located
predominantly in the β-sheet regions. The dynamics of changes has also been described and related to different stages of oxidation. After initial
increase in particle surface accessibility and mobility, by entering into the propagation phase of oxidation process, LDL surface accessibility and
mobility are decreased. Finally, in the decomposition phase of LDL oxidation, as the particle faces large chemical and physical changes, surface
mobility and accessibility is increased again. These observations provide new insights into the modifications of LDL particles upon oxidation.
© 2007 Elsevier B.V. All rights reserved.Keywords: LDL; apoB; Oxidation; Infrared spectroscopy; Fluorescence spectroscopy; TMA-DPH1. Introduction
Low-density lipoproteins (LDLs) are the main cholesterol
carriers in mammalian blood circulation. They exhibit interest-
ing structural complexity with a hydrophobic core of apolar
lipids and a surface phospholipid monolayer stabilized by the
amphipathic protein, apolipoprotein B100 (apoB) [1–3].
Recently, a low-resolution model of apoB has been presented
which revealed the structure of the protein as several domains
connected by flexible regions [4].
Over the past research, evidence has been gained indicating
that LDL oxidation plays a crucial role in the initiation and
progression of the atherogenic process in the arterial wall [5,6].
Although it is not clear how LDL is oxidized in vivo, several
mechanisms are discussed in the literature involving: metal ions
[7], lipoxygenase [8], myeloperoxidase [9,10], reactive nitrogen⁎ Corresponding author. Tel.: +385 21 555 604; fax: +385 21 555 605.
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doi:10.1016/j.bbamem.2007.08.009species, superoxide radicals and reduced thiols [11]. Regardless
of how the LDL oxidation is initiated, subsequent processes
following oxidation initiation are thought to be the same. They
involve loss of antioxidants followed by lipid peroxidation,
where conjugated dienes develop through the oxidation of
polyunsaturated fatty acids (PUFA) with localised double
bonds. Over time, a significant proportion of lipids is oxidized
with accumulation of large amounts of more advanced oxida-
tion products of phosphatidylcholine and cholesterol such as 7-
ketocholesterol or 25-hydroxycholesterol [12]. In the advanced
stages of oxidation, lipid peroxides decomposition to aldehydes
and other products [13] is followed by covalent modification of
apoB when Shiff's base is formed between aldehydes and lysine
residues side chains. Furthermore, the extensive LDL oxidation
leads to loss of particle integrity: the protein is hydrolysed and
the lipids from disintegrated LDL form vesicles [14]. Changes
in the lipid to protein ratio, the electrophoretic mobility and the
fluorescent properties have also been reported to accompany
oxidation of this lipoprotein. The secondary structure of apo-
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sent the buried part of the apoB as shown after proteolysis of the
apoB region accessible from the solution [15,16]. Oxidation-
induced conformational changes in apoB in vitro have so far
been reported to happen no sooner than at the final stages of
LDL oxidation [17].
The aim of this study is to monitor the changes occurring in
the apoB/LDL structure as a function of the progress of the
oxidation process. Special emphasis is put on the initial phases
of the oxidation process when no significant production of
conjugated dienes within the particle occurs. Initiation of LDL
oxidation has been accomplished by using either copper ions or
by direct oxidation under an oxygen atmosphere. While copper-
induced oxidation is a well-established model experiment
which gives the opportunity to study mildly oxidized LDL in
its lag phase, LDL oxidation in an oxygen atmosphere resem-
bles physiological conditions more closely. The characterization
of variations of the apoB/LDL structure relied on two different
spectroscopic approaches: attenuated total reflection infrared
(ATR-FTIR) spectroscopy and steady state fluorescence
anisotropy.
2. Experimental procedures
All reagents were obtained from Kemika (Zagreb, Croatia) and were of
analytical grade.
2.1. LDL isolation
LDL was isolated from 2 normolipidemic donors by density gradient
ultracentrifugation as described previously [18,19] using the fixed angle rotor
Ti70 on a Beckman preparative ultracentrifuge. To avoid the LDL oxidation
during its isolation, EDTA (1 g/dm3) was present in all steps of the process and
all the buffers were flushed with argon. The purity of LDL fraction was checked
by electrophoresis using Radiophor electrophoresis system with Lipidophor
agar medium. Protein concentration was measured by the method of Lowry [20].
LDL concentration is referred to its protein content.
2.2. LDL oxidation
Prior to copper-induced oxidation, LDL was dialysed overnight against 200-
fold volume of 0.01 M PB (phosphate buffer, pH=7.4), without EDTA, under
argon atmosphere. Copper-induced oxidation of LDL (1 μM) was triggered at
37 °C by 25 μM CuSO4 under aerated conditions. LDL samples (1 μM) were
entrapped in different stages of the oxidation process by adding portions of
EDTA at a final concentration of 1 g/dm3.
LDL copper-induced oxidation was measured by using Varian Cary 50 UV/
Visible spectrophotometer and estimated with the following three methods: (i)
the increase in the absorbance at 234 nm, indicative of the conjugated dienes
formation, described in terms of the lag, propagation and decomposition phase
of LDL oxidation [21], (ii) lipid hydroperoxide (LPO) concentrations, measured
at 365 nm with a spectrophotometric assay using a cholesterol color reagent
(CHOD-iodide reagent) [22] and (iii) relative electrophoretic mobility (REM)
compared with native LDL, estimated on 1% agarose gels at pH 8.05 with the
Lipidophor system [22].
In addition, LDL oxidation under oxygen atmosphere has been performed:
LDL sample (100 μg) has been dried as a thin film at the surface of germanium
crystal (see Section 2.4). The sample was then subjected to the oxygen flow
during 24 h and the progression of the oxidation process has been monitored by
an on-line procedure described in Section 2.4.
In order to evaluate the oxidation extent of LDL samples oxidized under
oxygen atmosphere, a series of LDL samples (100 μg) was dried on a glass
surface and placed in the oxygen atmosphere. At certain time points, the sampleswere removed from the oxygen atmosphere and solubilized. Their oxidation
extent was estimated by determination of lipid hydroperoxide (LPO)
concentrations [22]. In order to determine the time point at which apoB
fragmentation occurred in such an oxidation process, the samples were subjected
to SDS-polyacrylamide gel electrophoresis (SDS-PAGE). For SDS-PAGE,
18 μg of different LDL samples were applied to denaturing (2% w/v SDS,
350 mM dithiothreitol) SDS gel electrophoresis on 6% polyacrylamide stacking
gels (1 mm thick) as described previously [23]. In this study, to improve the
separation efficiency discontinuous SDS-PAGE electrophoresis was used with a
6% stacking gel and a 7% resolving gel followed by staining with Coomassie
blue stain.
2.3. Steady state fluorescence anisotropy measurements
LDL samples (0.1 μM) entrapped at several different points of the copper
induced oxidation were labelled by using TMA-DPH synthetic probe in such
manner that there was 1 molecule of TMA-DPH per 100 phospholipid
molecules from LDL monolayer. Steady state anisotropy measurements were
performed at 355 nm excitation and 428 nm emission detection at 298 K, 303 K,
308 K, 313 K, 318 K and 323 K. LDL samples were excited with vertically
polarized light. Vertically (Ivv) and horizontally (Ivh) polarized fluorescence
intensities were measured using L-geometry optical path. The anisotropy (r) was
calculated using the relationship:
r ¼ ðIvv  GIvhÞ=ðIvv þ 2GIvhÞ ð1Þ
The correction factor (G) is given by G= Ihv / Ihh and is determined by
measuring the vertically (Ihv) and horizontally (Ihh) polarized fluorescence
intensities using the horizontally polarized excitation light. All the measure-
ments were performed using Varian Cary Eclipse fluorescence spectrophotom-
eter at 298 K.
2.4. Attenuated total reflection infrared spectroscopy
measurements
Attenuated total reflection infrared (ATR-FTIR) spectra were obtained on a
Bruker IFS55 FTIR spectrophotometer (Ettlingen, Germany) equipped with a
MCT detector (broad band 12000–420 cm−1, liquid N2 cooled, 24 h hold time)
at a resolution of 2 cm−1 with an aperture of 3.5 mm and acquired in the double-
sided, forward–backward mode. The spectrometer was placed on vibration-
absorbing sorbothane mounts (Edmund Industrial Optics, Barrington, NJ, USA).
Two levels of zero filling of the interferogram prior to Fourier transform allowed
encoding the data every 1 cm−1. The spectrometer was continuously purged
with dry air (Whatman 75-62, Haverhill, MA, USA). For a better stability, the
purging of the spectrometer optic compartment (5 L/min) and of the sample
compartment (10–20 L/min) was dissociated. The internal reflection element
was a 52×20×2 mm trapezoidal germanium ATR plate (ACM, Villiers St
Frédéric, France) with an aperture angle of 45° yielding 25 internal reflections.
The germanium crystals were washed in Superdecontamine (Intersciences, AS,
Brussels, Belgium), a lab detergent solution at pH 13, rinsed with distilled water,
washed with methanol, then with chloroform and finally placed for 2 min in a
plasma cleaner PDC23G (Harrick, Ossining, NY, USA) working under reduced
air pressure. Measurements were carried out at 303 K. One should also keep in
mind that the IR beam induces an elevation of the temperature in the
measurement cell. Thin films were obtained by slowly evaporating a sample
containing 100 μg of protein on one side of the ATR plate under a stream of
nitrogen. The germanium crystal was then placed in an ATR holder for liquid
sample with an in- and out-let (Specac, Orpington, UK). The liquid cell was
placed at 45° incidence on a Specac vertical ATR setup. Two such setups, the
second mounted as the mirror image of the first one, fitted on the sample shuttle
provided by Bruker, allowing the recording of two kinetics almost simulta-
neously. This is an important feature since the two samples can be compared
under identical conditions (temperature, gas flow rate).
For hydrogen/deuterium exchange, nitrogen gas was saturated with 2H2O by
bubbling through a series of four vials containing 2H2O. The flow rate of 50 mL/
min was controlled by a flow-tube (Fisher Bioblock Scientific, Illkirch, France).
Bubbling was started at least 1 h before starting the measurements. At the zero
time, the tubing was connected to the cavity of the liquid cell chamber
Fig. 1. Series of ATR-FTIR spectra of native LDL on a germanium internal
reflection element in the 1800–1400 cm−1 wavenumber range of the spectrum.
The LDLs were submitted to an oxygen flow for different periods of time
indicated in the right margin in min. SDS-PAGE analysis of the time course of
LDL oxidation by molecular oxygen. Isolated LDL (6 μmol) was dried on the
glass surface and oxidized in the oxygen current. Subsequently, oxidized LDL
fractions (18.5 μg) ware analyzed by 7% SDS polyacrylamide gels in reducing
conditions. Lane A represents native LDL. Lanes B–H were samples entrapped
at respectively 0, 0.25, 0.5, 1, 3, 6 and 24 h of oxidation; lane M, molecular
weight markers. Several peptide fragments were observed after 6 h of oxidation
(marked with an arrow).
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The time interval was increased logarithmically. After 27 min, the interval
between the scans was large enough to allow the interdigitation of a second
kinetics measurement. The second sample was then analyzed with the same time
sampling but with a 27-min offset. Deuteration started by connecting it to the
2H2O-saturated N2 flow from the output of the first sample chamber. Sample
shuttle movements and spectrum recording were under control of a macro
program written for OPUS (Bruker, Ettlingen, Germany).
2.5. Spectral corrections for atmospheric water
Sharp atmospheric water absorption lines cannot be avoided in long-term
experiments. Atmospheric water absorbance is better corrected when spectra are
recorded at relatively high resolution for taking advantage of the linewidth
difference existing between the atmospheric water and the solid sample bands
[24]. In order to account for the small frequency shifts of the water vapor bands
systematically encountered in the ATR experiments, we wrote a software that
accurately evaluates the frequency of the 1573–1579 cm−1 band by curve fitting
by a Gaussian lineshape on the reference and sample spectra. Once the shift was
determined, the reference water vapor spectrum was shifted (typically by 0.1–
0.2 cm−1) by linear interpolation before subtraction. The program then
computed the subtraction coefficient as the ratio of the atmospheric water
band area between 1562 and 1555 cm−1 on the sample spectrum and on the
reference atmospheric water spectrum. Finally, the corrected spectrum was
smoothed by apodization of its Fourier transform by the Fourier transform of a
4 cm−1 Gaussian line shape.
2.6. Spectral rescaling
The additional hydration of the film induced upon contact with the N2
saturated with 2H2O results in a swelling of the membrane film. In turn, the
intensity of the whole spectrum decreases because of the exponential decay of
the evanescent wave outside the germanium crystal. In order to account for this
intensity decrease that is not related to the deuteration process, the amide II areas
were rescaled with respect to either the lipid ν(C_O) band or the amide I band.
All the software used for data processing was written under MatLab 7.0
(Mathworks Inc, Natick, MA, USA). Principal components were computed as
the eigen vectors of the covariance matrix of series of spectra recorded in the
course of the oxidation. In principle component analysis (PCA), the PC were
sorted according to their contribution to the total variance.
3. Results
3.1. On-line oxidation
In order to monitor as precisely as possible the structural
changes occurring in the early stages of LDL oxidation, a film
of LDL was subjected to an oxygen flow and the spectra were
collected over time. The series of spectra is presented in Fig. 1.
In addition to these measurements, biochemical characterization
(SDS-PAGE electrophoresis and LPO measurement) provided
an independent insight into the behavior of apoB in the course
of the oxidation (Insert to Fig. 1). It can be seen from the gel that
native apoB is itself present as two bands at the top of SDS-
PAGE gel. Furthermore, it appears that fragmentation of apoB, a
property of the advanced stages of LDL oxidation, takes place
only after 6 h of oxidation, defining the decomposition phase of
LDL sample oxidation. Fragments between 130 kDa and
40 kDa can be observed (lanes G and H). It should be noted also
that the presence of lipid peroxides has not been detected for the
first hour of such LDL oxidation procedure (data not shown).
Therefore, this period can be assigned to the duration of the lag
phase of LDL oxidation.The bands around 1650 cm−1 (Amide I) and 1544 cm−1
(Amide II) arise mainly from the absorption of proteins (Fig. 1).
Amide I is themost intense absorption band of the polypeptides. It
is positioned between 1700 and 1600 cm−1, but its exact
frequency is determined by the geometry of the polypeptide chain
and hydrogen bonding. ν(C_O) has a predominant role in amide
I accounting for 70–85% of the potential energy. ν(C–N) follows
with 10–20% of the potential energy and the C–CN deformation
may account for about 10%of the potential energy. Themaximum
of the amide I band at 1625 cm−1 with the presence of a shoulder
at 1694 cm−1 indicates the presence of a predominant anti-parallel
β-sheet structure in the protein [25]. The presence of another
maximum at 1653 cm−1 indicates the presence of α-helical
structure. The band at 1542 cm−1 is the amide II contribution.
Amide II occurs in the 1510–1580 cm−1 region. It derives mainly
from the in plane N–Hbending (40–60% of the potential energy).
The rest of the potential energy arises fromν(C–N) (18–40%) and
ν(C–C) (∼10%). The frequency at 1542 cm−1 is typical for β-
sheet contributions however the broadness of the band is
suggesting also contributions from other structures. The shoulder
at 1517 cm−1 is assigned to the tyrosine ring. The 1735 cm−1 band
can safely be assigned to lipid carbonyl bands while the band
below 1500 cm−1 is related to various C–H deformations arising
mainly from the lipids. Furthermore, it is interesting to observe
that the 1625 cm−1 line intensity increases as a function of the
time of exposure to O2 (Fig. 2).
A study of the region between 1800 and 1400 cm−1 as a
function of the time of exposure to oxygen by PCA indicates
that, after mean centering of the data, two principal components
describe most of the variance of the system. Fig. 3 reports the
shape of the two first principal components along with the LDL
spectrum. The first one (PC1) represents 88% of the variance and
Fig. 2. Evolution of the intensity of the 1625 cm−1 band as a function of the time
of exposure of the LDL film to a flow of oxygen.
Fig. 4. Evolution of the coefficient weighting PC1 and PC2 in the series of
spectra reported in Fig. 1 and recorded in the course of the oxidation process.
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PC1 and PC2 present a sharp feature with a minimum at
1615 cm−1 and a maximum at 1625 cm−1, indicating a decrease
in the intensity at 1615 cm−1 as oxidation proceeds. Both
wavenumbers are usually related to the presence of β-sheet
structures. The 1615 cm−1 wavenumber is usually assigned to
intermolecular interactions occurring upon protein aggregation
and thermal denaturation. It characterizes particularly strong
hydrogen bonds.
Furthermore, it is interesting to consider the evolution of the
contribution of PC1 and PC2 to the series of spectra reported in
Fig. 1 as a function of the time (Fig. 4). Obviously, the major
contribution to the variance (PC1) evolves slowly and con-
tinuously over the time course of the experiment. On the other
hand, variation in the PC2 contribution to the variance is essentially
limited to the first 10 min. Importantly all the other principal
components do not show significant features but rather noise. In
turn, the entire significant variations in the shape of the FTIR
spectra can be described by the data reported in Fig. 3 and Fig. 4.
3.2. Measurements of the copper induced LDL oxidation
Copper catalyzed oxidation of LDL samples was carried out
as described previously. Table 1 summarizes the data on amountFig. 3. LDL infrared spectrum and the two first components PC1 and PC2
representing together 94% of the variance observed during 24 h of exposure to
oxygen.of lipid peroxides as well as the relative electrophoretic mobility
(REM) that characterize the differently oxidized LDL samples.
For these samples the infrared spectra were recorded and are
presented in Fig. 5. Assignment of the bands observed in the
spectra presented in this figure display the same properties as
the ones presented in Section 3.1 (Fig. 1). Differences of
between spectra seem to occur only at 1653 cm−1 with the
progress of the LDL oxidation process.
In order to evaluate the stability of the secondary structures
with respect to the strength of the hydrogen bonds in the amide
group, the rate of hydrogen–deuterium exchange of the amide
proton was monitored on-line by infrared spectroscopy. Fig. 6
presents a selected number of spectra recorded as a function of
the time of exposure to a heavy water vapor atmosphere as
described in Section 2.4. The main feature of the series of
spectra is the fact that the N–H strongly contributes to the amide
II band (1580–1520 cm−1) before the exchange. However,
upon exchange the N–D group does not absorb in this region.
This decay of the amide II band area is plotted on Fig. 7. It
appears that about 35% of amide II protons are not exchanged
after 50 min, while this value drops to about 20% after 200 min.
The experiment was repeated for all the samples presented in
Fig. 5. Therefore, in order to get a better insight into the process
of LDL oxidation, the proportion of non-exchanged amide II
proton after 50 min of exposure to heavy water was plotted as aTable 1
The biochemical characterization of differently oxidized LDL particles
Time of LDL
oxidation (min)






0 Initiation 1.9±0.2 1±0.1
15 Lag 3.2±0.1 1.2±0.1
30 Lag 1.9±0.1 1.2±0.2
60 Propagation 24.5±0.3 1.4±0.1
75 Propagation 11±0.3 1.35±0.3
90 Decomposition 8.3±0.2 1.4±0.1
120 Decomposition 10.9±0.5 1.3±0.1
Time of LDL oxidation, oxidation phase, amount of lipid peroxides formed and
relative electrophoretic mobility (REM) are presented for each sample.
Fig. 5. Series of ATR-FTIR spectra of differently oxidized LDL in the 1800–
1400 cm−1 wavenumber range of the spectrum. The LDLs were submitted
to copper-induced oxidation as follows: (a) native LDL, (b) time of oxidation
(tox)=0 min, (c) 15min (lag phase), (d) 30min (lag phase), (e) 150min (propagation
phase), (f) 180 min (propagation phase) and (g) 210 min (decomposition phase).
Fig. 7. The kinetics of hydrogen/deuterium exchange for native LDL during
200 min.
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samples (Fig. 8). A transient minimum appears at the beginning
of the oxidation process. For LDL samples with the higher
amount of lipid peroxides (propagation phase), the proportion of
non-exchanged amide II proton increases. Finally, with the
decrease of the amount of lipid peroxides, due to the entrance
into the decomposition phase of LDL oxidation, the proportion
of non-exchanged amide II protons decreased again and is similar
to the ones from the beginning of the LDL oxidation process.
3.3. Fluorescence spectroscopy measurements
In order to observe the changes in the dynamics of the LDL
surface phospholipid monolayer upon copper induced oxida-
tion, the steady state anisotropy of the fluorescent probe TMA-
DPH embedded into the monolayer was measured. The results
are presented in Fig. 9. It can be observed that the anisotropy of
TMA-DPH changes upon LDL oxidation. Namely, after the
initial decrease in the anisotropy for the LDL samples in the lag
phase of the oxidation process, a significant increase in aniso-Fig. 6. Series of ATR-FTIR spectra of native LDL during the hydrogen/
deuterium exchange. From bottom to top, the spectra were recorded at: 0, 2, 10,
20, 30, 40, 50, 60, 70, 80, 180, 270, 370, 470, 570, 670, 770, 870, 970 min from
the onset of the measurement.tropy occurs for the LDL samples in the propagation phase. As
soon as the LDL oxidation enters the decomposition phase, the
TMA-DPH anisotropy decreases and remains low. Furthermore,
it should be noted that the values of the anisotropy at 40 °C are
generally lower then those at 35 °C.
4. Discussion
LDL oxidation has been intensively studied over the past
decades. It is considered to be crucial in the development of
atherosclerosis in the arterial wall. Consequently, it is of great
interest and importance to know in details what the structural
and biochemical modifications of LDL are during the oxidation
process. Many studies have been carried out so far on physico-
chemical, immunological and structural properties of oxidized
LDL. However, none of the studies has detected any structural
changes in LDL particles in the earliest phases of LDL
oxidation when chemical modifications are limited to spending
the antioxidants from the hydrophobic core of the particle and
the production of conjugated dienes has not yet been initiated.Fig. 8. Proportion of exchanged residues after 50 min of hydrogen/deuterium
exchange with the increasing amount of lipid peroxides during LDL (1 μM)
copper induced oxidation. Data concerning different stages of oxidation have
been marked and numbered: 1—lag phase, 2—propagation phase, 3—
decomposition phase.
Fig. 9. Change in anisotropy of the fluorescent probe TMA-DPH embedded into
LDL reported as a function of the change in the amount of lipid peroxides formed
during LDL (0.1 μM) copper induced oxidation. The measurement has been
performed at 35 °C (circles) and 40 °C (triangles). Data concerning different
stages of oxidation have been marked and numbered: 1—lag phase, 2—
propagation phase, 3—decomposition phase.
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changes of LDL particle upon its oxidative modification. The
particle was subjected to two different modes of oxidation
initiation: LDL auto oxidation in a stream of oxygen and the
widely used copper induced LDL oxidation. While the on-line
measurement of LDL auto oxidation under an oxygen atmo-
sphere allows us the precise observation of very small changes in
protein conformation [26], copper-induced oxidation gives one
the opportunity to entrap the LDL sample at different degrees of
oxidation and characterize it in further details. Special emphasis
has been put here on the early stages of the oxidation process
since so far LDL has been proven to change significantly only in
the late stages of the process when the production of lipid
peroxides is at an advanced stage. Furthermore, it should be
pointed out that copper-induced oxidation of the LDL particles
has been performed at 310 K, which corresponds to the
physiological temperature. The structure of LDL prepared by
using such a procedure has been studied in two different ways.
First, steady state fluorescence anisotropy has been measured in
the entire range of temperatures from 298 K to 323 K (ΔT=5 K)
with the aim of describing structural properties of oxidized LDL
particle. Second, ATR-FTIR has been performed with the same
aim on the ATR crystal in the spectrometer where the
temperature is around 303 K. Nevertheless, both oxidative and
structural modifications of LDL monitored in this study actually
occur in physiological conditions.
The results obtained in this study should be discussed
according to different stages of LDL oxidation: (i) lag phase, (ii)
propagation phase and (iii) decomposition phase. Lag phase is
characterized primarily by the loss of antioxidants from the
LDL core. Lipid peroxidation is not yet triggered at this point
and the conformation of apoB has so far been believed to remain
native during the lag phase. From the changes observed in the
amide I band of the spectra measured during the on-line LDL
oxidation under oxygen atmosphere we propose that even in the
lag phase obtained under an oxygen atmosphere, apoB con-formation is indeed modified and that the changes are situated
predominantly in its β sheet regions. Data reported in this study
demonstrate that conformational changes take place in the
protein at the earlier stages of the process when there is still no
significant production of conjugated dienes. The sensitivity on
the on-line infrared measurement allows such an early
modification of the structure to be recorded/detected for the
first time. Some insight into the nature of the conformational
change is provided by the analysis of the shape of PC1 and PC2.
The disappearance of the 1615 cm−1 band and the appearance
of an additional contribution near 1625 cm−1 could be ex-
plained by the disruption of very strong anti parallel β-strands
into shorter β-strand entities. It must be stressed at this point
that the presence of β-strand contributions at wavenumbers as
low as 1615 cm−1 is unusual in soluble proteins (unless aggre-
gated) and could be a specific feature of apoB100 in native
LDLs. These results are additionally corroborated by the obser-
vation made in the hydrogen/deuterium exchange measure-
ments of copper oxidized LDL samples entrapped in the lag
phase. Namely, the rate of H/D exchange for the amide II band
is increased for these samples, indicating that a conformational
change had occurred such that there is an increase of the
exposure of the apoB residues to the polar solvent and/or of the
conformation dynamics: a picture consistent with an early
disruption of some of the most stable β-sheet structures. In
agreement with these results are the previously reported
observations that the rate of apoB intrinsic fluorescence
quenching is increased for LDL samples at the end of the lag
phase with respect to those at the beginning of the oxidation
process [27]. This result also indicates the occurrence of a
conformational change which exposes the tryptophan residues
to the polar quencher, i.e. the polar solvent. In addition, the
intrinsic apoB anisotropy is increased during these initial stages
of LDL oxidation, suggesting that the mobility has decreased
for tryptophan residues [27]. On the other hand, as observed in
this study, the TMA-DPH anisotropy does not change during
the lag phase of LDL oxidation, indicating that the mobility of
the LDL phospholipid monolayer remained the same at the
beginning of this process.
In the propagation phase the changes proceed. During this
stage of oxidation lipid radicals are generated and the chain
reaction of lipid peroxidation is dominated by lipid peroxyl and
lipid alcoxyl radical formation. Interestingly, the rate of amide II
band H/D exchange for LDL samples entrapped in the
propagation phase of oxidation is smaller with respect to the
one for native LDL samples. This result indicates that a con-
formational change occurs at this oxidation stage upon which
less apoB residues are exposed to the polar solvent. Further-
more, the fluorescence anisotropy of TMA-DPH probe em-
bedded into the LDL phospholipid monolayer displays higher
values in comparison to those of LDL samples from previous
stages of LDL oxidation indicating a decrease in the mobility
freedom within the surface phospholipid monolayer. This result
is in agreement with previous measurements of intrinsic apoB
fluorescence anisotropy of LDL in the propagation phase which
also displays decreased mobility of the protein phase with
respect to the one for native apoB [27]. Based on these results
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motional restrictions are imposed on both the LDL phospho-
lipid monolayer and the apoB in the propagation phase of
oxidation. Similar behavior of the phospholipids and the protein
could be explained by the fact that apoB is situated at the surface
of the LDL particle, embedded into the monolayer which
enables the communication of protein and lipid phase.
By entering into the decomposition phase LDL particle
seems to experience dramatic changes with respect to LDL
particle in the propagation phase. During this stage, the products
of previous stages of lipid peroxidation are decomposed to
aldehydes and ketons. ApoB is covalently modified and later on
even fragmented. At the end, LDL particle loses its integrity. In
this study, we have found that the H/D exchange of the amide II
band is almost complete. Therefore, the conformation of apoB
is loose and the protein residues are exposed to the polar
solvent. This result is consistent with TMA-DPH fluorescence
anisotropy in the LDL phospholipid monolayer. Namely, LDL
samples from the decomposition phase display lower values of
anisotropy, i.e. higher mobility in the LDL surface monolayer.
Based on all these observations one can propose the fol-
lowing sequence of changes on LDL particle during oxidation.
In the lag phase the changes on the particle are mainly con-
centrated on apoB, in particular β-sheets. The protein is more
open to the polar solvent, however, less mobile then the native
apoB. It is possible to suggest that such changes can be a
consequence of direct oxidative modification of the protein.
However, one can also assume that such behavior of the LDL
surface could be a consequence of the events taking place in the
LDL core that is mainly the loss of antioxidants situated in the
core. The communication of the LDL surface and core has
previously been evidenced on several occasions which speaks
in favor of such reasoning [28]. During the propagation phase,
lipid peroxidation, dominant at this stage, results in the
oxidation of double bonds from fatty acyl chains from the
LDL lipids. It is possible that the products of these events, such
as new single bonds, restrict motions within the lipid phase of
LDL to a higher extent. Furthermore, apoB forms a rigid
conformation that is very little exposed to the polar solvent.
Altogether it seems as if at this stage the particle is closing the
gates to the outer world, however, within its borders dealing
with extensive and aggressive process of lipid peroxidation.
This closure, however, lasts only until the particle enters the
decomposition phase. In the final stages of this process, the
particle molecule mobility is increased and the conformation of
the protein is loose and exposed to solvent. It can be speculated
that the protein is denatured or even fragmented and that it does
not exist as native apoB any more. Rather, the newly formed
fragments might fold into new structures: it has been proposed
that apoB generates characteristic amyloid-like structures upon
extensive oxidation [29]. Similar finding has been previously
observed for LDL in the decomposition phase [17]. Namely, it
has been reported that both alpha and beta structure are modi-
fied at this stage with an increase in beta as well as in unordered
structures.
In conclusion, we have found for the first time that confor-
mational changes of apoB occur even in the earliest stages ofoxidation process when the chain reaction of LDL peroxidation
in terms of production of conjugated dienes has not yet been
initiated. These changes are predominantly located in the β-
sheet regions of apoB. Furthermore, after initial increase in
particle surface accessibility and mobility, by entering into the
propagation phase of oxidation process, LDL surface accessi-
bility and mobility are decreased. Finally, in the decomposition
phase of LDL oxidation, as the particle faces large chemical and
physical changes, surface mobility and accessibility is increased
again. These observations may provide us with new knowledge
on the oxidative modifications of LDL particles and further
investigation might lead to new insights into early prevention of
atherosclerosis.
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